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Abstract 

In this article, we present an investigation of (Ge + Si0 2 )/Si0 2 multilayers deposited by magnetron sputtering and 
subsequently annealed at different temperatures. The structural properties were investigated by transmission 
electron microscopy, grazing incidence small angles X-ray scattering, Rutherford backscattering spectrometry, Raman, 
and X-ray photoelectron spectroscopies. We show a formation of self-assembled Ge clusters during the deposition at 
250°C. The clusters are ordered in a three-dimensional lattice, and they have very small sizes (about 3 nm) and 
narrow size distribution. The crystallization of the clusters was achieved at annealing temperature of 700°C 



Introduction 

Semiconductor nanocrystals (NCs) have shown a big 
potential for application in flash memory devices [1]. 
Most quantum dot (QD) flash memory research studies 
have used Si NCs in floating gate. However, several 
groups have proposed systems using Ge dots [2] instead 
of Si dots. The band gap of Ge provides both a higher 
confinement barrier for retention mode and a smaller 
barrier for program and erase mode. This makes Ge 
dots a strong candidate for floating gates. 

However, the fabrication of Ge dots on insulators is 
much more difficult to obtain than Si dots because of the 
low evaporation temperature of Ge and the difference in 
surface energy with respect to the oxide. Si^Ge* can 
offer an intermediate solution to this issue. In fact, 
embedding silicon or silicon germanium (SiGe) dots in 
an insulator structure has been proposed for non-volatile 
memory devices [3-6]. Magnetron sputtering has been 
proven to be a useful, cheap, and easy technique with 
less energy consuming, for the fabrication of Si, Ge, and 
Si^Ge^ NCs embedded in Si0 2 films [7,8]. 

The most challenging part in the production of 
nanoclusters for potential applications is the control over 
their size and arrangement properties. Earlier studies 
have reported layered Ge NCs produced at temperatures 
of 500°C and higher [9,10]. However, the nanoclusters 
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formed were not regularly ordered. Recently, it has been 
reported of a possibility to grow self-assembled NCs in 
amorphous silica matrix [11,12]. However, the ordering 
was only found for a single deposition temperature, and 
it was performed only for Ge nanoclusters. The control 
of ordering of the particles is important because the spa- 
tial regularity implies narrowing of the QDs size distribu- 
tion, which is very important for the collective behavior 
effects and consequently for potential applications of the 
system. 

The complete crystallization of the NCs was achieved at 
temperatures of 800°C and higher [8,13,14]. In this article, 
we report the formation of self-assembled Ge nanoclusters 
by the magnetron sputtering technique at quite a low 
deposition temperature of 250°C. The nanoclusters formed 
are very small in size (about 3 nm), and well ordered in a 
three-dimensional FCC-like nanocluster lattice. The para- 
meters of the nanocluster lattice formed are precisely 
determined using grazing incidence small angle X-ray 
scattering (GISAXS) and high-resolution transmission 
electron microscopy (HRTEM) techniques, while their 
crystalline quality and chemical composition are examined 
using Raman spectroscopy and X-ray photoelectron spec- 
troscopy (XPS). The mutual distances of the nanoclusters 
are found to be very small (distance of about 3 nm 
between the nanocluster edges), while their size distribu- 
tion is found to be very narrow. These properties make 
this material very suitable for different nano-based 
applications. 
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Experimental 

SiCVSii^Ge* + Si02/Si02 multilayers films containing 
20 bi-layers were prepared on Si (100) substrates using RF 
magnetron co-sputtering machine Alcatel SCM650. The 
structures were grown using a composite target, a Si0 2 
(99.99%) plate partially covered by polycrystalline chips of 
Si and Ge, and a second target of pure Si0 2 . The surface 
ratio of the Si and Ge pieces in the SiC>2 target was 2:1. 
Before sputtering, a pressure of at least 1 x 10' 6 mbar was 
reached inside the chamber. Substrate and targets were 
subjected to in situ argon plasma treatment to clean the 
surfaces and remove any impurities. The layers were 
grown at 250°C, and the argon pressures were 1 x 10' 
and 1 x 10" 3 mbar, for the pure target and the composite 
target, respectively. The thickness of both types of layers 
was controlled by the deposition time. The deposition 
rates were found to be 7.4 and 7.8 nm/min, for Si0 2 and 
SiGe + SiG"2 layers, respectively. The thicknesses of SiGe + 
Si02 and Si02 layers are 2 and 5 nm, respectively. A top 
Si0 2 layer was deposited to prevent the diffusion of Ge 
atoms out of the surface. The samples were subsequently 
thermally annealed at temperatures between 700 and 
1000°C, in N 2 atmosphere for 1 h. 

Rutherford backscattering spectrometry (RBS) mea- 
surements were performed with a 2-MeV 4 He + ion 
beam impinging on the target at grazing angles of 78°, 
80°, and 82° to obtain sufficiently high depth resolution 
to separate the signals arising from the different layers, 
and to detect and investigate possible compositional 
changes. 

Conventional TEM and high-resolution TEM images 
were acquired with a Tecnai F30 FEG-TEM microscope 
operating at 300 kV. TEM cross-sectional samples were 
produced by mechanical polishing followed by ion beam 
milling to have sufficiently large electron transparent 
areas. GISAXS measurements were performed at the 
SAXS beamline of the Elettra synchrotron, using mono- 
chromatic radiation with wavelength 0.154 nm, and sev- 
eral grazing incidence angles slightly above the critical 
angle of total external reflection. The incidence direction 
of the X-ray radiation was along the x axis, perpendicu- 
lar to the detector iy-z) plane. Data were measured by a 
two-dimensional (1024 x 1024 pixel) CCD detector, 
with a sample-detector distance of approx. 1.72 m. 
A thin Al-stripe (beam stopper) was inserted in front of 
the 2D detector to attenuate the very intense specular 
beam (reflected beam, Yoneda peak, etc.) and thus avoid 
the overflow of the detector, and increase the sensitivity 
for scattered signal outside the specular plane. Raman 
scattering spectra were recorded using a Jobin-Yvon 
T64000 system with an optical microanalysis system and 
a CCD detector, in the backscattering geometry. These 
measurements were performed at room temperature 



using the 488 nm line of an argon ion laser. The laser 
beam was focused on the sample surface with a beam 
spot size of 1 urn and a power of 0.2 mW to avoid the 
heating of the sample. XPS were measured using a 
Thermo Scientific K- Alpha ESCA instrument equipped 
with aluminum Kal.2 monochromatized radiation at 
1486.6 eV X-ray source. 

Results and discussion 

RBS technique was applied to examine the layer struc- 
ture of the as-grown multilayers. Figure 1 shows the 
depth profiles of the as grown and annealed films 
obtained from the fits [15] of the measured RBS inten- 
sity distributions. The results show a well-organized 
layer structure of the as-grown film (Figure la), with the 
layer thickness as expected from the growth conditions. 
After annealing at 700°C (Figure lb), the samples still 
retain a layered structure, but for temperatures of 800°C 
or higher, a clear diffusion of Ge and a destruction of 
the multilayers structure are observed (Figure lc,d). At 
1000°C, only a small amount of Ge remains at the 
interface. 

HRTEM was employed to explore the structure of the 
as-grown multilayers. Figure 2 shows a bright-field cross- 
sectional TEM image of the as-deposited multilayer sam- 
ple, with different magnifications. In Figure 2a, dark dots 
are seen on the oxide matrix corresponding to the clusters 
formed, due to their higher material density. As a result of 
the two-dimensional projection of a three-dimensional 
sample, some of the layers appear to be continuous. The 
image with the higher magnification (Figure 2b) shows 
that the clusters are well separated and nearly spherical in 
shape. Some regularity in the nanocluster positions may 
be noticed (Figure 2a), but spatial correlations are much 
better visible in the reciprocal space, which will be shown 
later. Some of the as-grown clusters show a crystalline 
phase as illustrated in the inset of Figure 2b. This demon- 
strates that the as-grown sample at 250°C already con- 
tained some crystalline particles. However, more HRTEM 
observations are under progress to shed light on the 
nature (crystalline/amorphous) of the nano particles. The 
average size of particles found by HRTEM images was 
approximately 3 nm. 

GISAXS technique was applied to study the clusters' 
size and their arrangement properties. It gives data from 
a much larger sample volume compared to the TEM 
technique. Furthermore, the data are provided in the 
reciprocal space, so possible spatial correlations would 
appear as extra diffraction (Bragg) spots, well visible in 
GISAXS maps. GISAXS maps of the as-deposited and of 
the annealed multilayers with the corresponding simula- 
tions are shown in Figure 3. In the GISAXS map of the 
as-deposited film, strong Bragg spots are visible. They 
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Figure 1 Depth profiles of different elements (Si, O, and Ge) obtained from fits of measured RBS, for the as-grown and annealed 
films 



appear because of the existence of a 3D correlation in 
the cluster positions [11]. Similar to the 3D clusters 
reported in [11], the clusters are ordered in a distorted 
FCC-like lattice defined by primitive vectors a i:2 ,3- 
Vectors a\,i are in the plane parallel to the substrate 
surface, and they form a distorted 2D hexagonal lattice. 
The vertical component of <z 3 equals the multilayer 



period T. The regular ordering appears in domains 
which are randomly oriented with respect to the normal 
to the multilayer surface. As is explained in [11], such 
regular ordering is a result of interplay of diffusion- 
mediated nucleation and surface morphology effects. 
The most important point is that nanoclusters in each 
new layer nucleate within the minima of the existing 
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Figure 3 2D GISAXS maps. 2D GISAXS maps, of (a) as deposited film (b) film annealed at 700°C, and (c) film annealed at 800°C The second 
row shows the corresponding simulated GISAXS maps. 



surface, while the positions of minima are correlated to 
the positions of the nanoclusters in the layer under- 
neath. The experimentally measured GISAXS map was 
fitted to the model described in [11] to obtain the clus- 
ter size and arrangement parameters. The results of the 
analysis give the following parameters for the formed 
nanoclusters lattice: spacing of clusters within the layers, 
= \a.\\ = 6.5 ± 0.2 nm, and the multilayer period 
T = 6.9 ± 0.1 nm, in agreement with the HRTEM 
results. The root mean square deviations of the clusters 
positions from the ideal ones are given by disorder para- 
meters a L and a v describing deviations in directions 
parallel and perpendicular to the multilayer surface, 
respectively. These values are also found by GISAXS fit: 
rj L = 3.4 ± 0.2 nm and a v = 0.5 ±0.1 nm. The size dis- 
tribution shown in Figure 4 is found to be very narrow 
for the as-deposited multilayer. Narrowing of the size 
distribution is a consequence of the regular ordering of 
the QDs [12]. 

In the GISAXS map of the film annealed at 700°C, a 
rearrangement of the Bragg spots' positions is visible. 
From the new arrangement, it follows that the clusters 
are not any more correlated in the vertical direction, 
while the correlation of lateral clusters still exists. The 



results of the numerical analysis show formation of NCs 
which are larger than in as-deposited multilayer (R = 
2.5 ± 0.3 nm), with larger mutual distance (L = 17.8 ± 
0.3 nm) and significantly larger vertical disorder para- 
meter (a v = 1.6 ± 0.1 nm). The in-layer disorder is also 
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analysis 



Pinto et al. Nanoscale Research Letters 201 1, 6:341 
http://www.nanoscalereslett.eom/content/6/1/341 



Page 5 of 7 



larger than for the as-deposited case (a L = 9.1 ± 
0.1 nm), but the separation L is also larger. Growth of 
QDs during the annealing treatment causes the destruc- 
tion of the vertical dot correlation. Initially regularly 
ordered QDs coalesce, thereby changing their lateral 
positions. The size distribution is still relatively narrow, 
but broader than in the as-deposited film case. Anneal- 
ing at 800°C causes a further growth of QDs (R = 3.8 ± 
0.5 nm), and a further decrease of the regularity in the 
QD positions. For this film (Figure 3c), no Bragg spots 
are visible in the GISAXS intensity distribution. The 
size distribution, shown in Figure 4, is found to be very 
broad in this film. 

We employed Raman spectroscopy which is a very 
effective tool to study the crystalline structure and the 
stoichiometry of the nanoparticles. Figure 5a shows the 
Raman spectra of the as-deposited, annealed multilayers 
and Si substrate, and Figure 5b shows the same spectra 
after the subtraction of Si substrate contribution. The as- 
grown multilayer shows a broad band near to 270 cm' , 
which is characteristic of amorphous Ge [16]. The sam- 
ples annealed at 700 and 800°C show strong peaks at 292 
and 295 cm" 1 , respectively. These peaks show existence 
of crystalline Ge (c-Ge) nanoparticles in the film. The 
peaks are slightly red-shifted and asymmetrically broa- 
dened with respect to the Ge bulk peak (300.4 cm" ) 
because of the phonon confinement in the nano-sized 
particles [17]. The shifts are in accordance with the 



results of GISAXS analysis showing formation of Ge clus- 
ters with radii of 2.5 and 3.8 nm for the films annealed at 
700 and 800°C, respectively. A small peak coming from 
the Si substrate exists near to 304 cm" 1 ; however, for the 
annealed samples, this peak is associated to Ge NCs. The 
samples annealed at 1000°C do not show any Raman 
peak because of NCs, and only the Raman signal arising 
from the silicon substrate is observed. This absence of 
Raman peak can be attributed to the loss of Ge atoms 
during the annealing. We have already observed a total 
loss of Ge atoms from the A1 2 0 3 film during thermal 
treatments, because of the volatilization of Ge mono- 
oxide (GeO) [18]. In the present case, the loss of Ge is 
partial, since RBS spectra of the samples reveal the pre- 
sence of Ge atoms in the layers near the interface film- 
substrate. The lack of the presence of for any Raman 
feature can be interpreted as a consequence of the 
decrease in the amount of material inside the scattering 
volume. Rodriguez et al. [14] observed a similar behavior, 
and concluded that, after a certain annealing tempera- 
ture, the compositional changes due to the out-diffusion 
of Ge from the crystallized nanoparticles and the asso- 
ciated reduction of the scattering volume cause the NCs 
to fall below the detection limit of the Raman setup, thus 
accounting for the disappearance of the Raman signal. 
The observed absence of Si-Ge and Si-Si Raman peaks 
for the annealed samples could be explained by the low 
amount of Si used during the growth and/or a loss of Si 
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Figure 5 Raman spectra of as-deposited and annealed multilayers, (a) Raman spectra of the as-deposited and annealed multilayers at 
temperatures indicated in the figure. The spectra are normalized to the intensity of Si-substrate peak at 520 cm" 1 , (b) The same spectra after the 
subtraction of Si substrate contribution. Dashed lines show the positions of peaks of amorphous Ge (a-Ge), crystalline Ge (c-Ge), and Si-Ge 
vibrational modes. 
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atoms during the thermal treatments, which can oxidize 
and form Si0 2 . 

In our attempt to clarify the chemical composition of 
the nanoparticles, we have performed XPS analyses of 
the as-grown multilayer. Peaks relative to Ge 2p and Si 
2p are shown in Figure 6a,b, respectively. The signal 
due to Ge exhibits a double peak features because of 
pure Ge and GeO* states. From the XPS data only Ge, 
GeO, and SiOx were detected. No Si-Ge formation was 
observed in agreement with the Raman results. 

Contrary to the general tendency observed in the litera- 
ture concerning the growth of NCs, we have shown the 
possibility to grow the self-assembled nanoclusters at low 
temperature (250°C). Low-cost process will be explored 
further to obtain well-separated crystalline NCs. 

Conclusions 

In this study, we have shown formation of self-organized 
Ge nanoclusters at low temperature (250°C) in amor- 
phous silica matrix by the magnetron sputtering techni- 
que. The size distribution of the clusters formed is 
found to be very narrow because of the self-ordering 
growth. The annealing of those films caused the forma- 
tion of crystalline Ge clusters with larger sizes. Further- 
more, the regular spatial arrangement of clusters has 
undergone changes by the annealing treatment. RBS 
results show that annealing at 800 and 1000°C promote 
the out-diffusion from the surface of Ge atoms. 
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GISAXS: grazing incidence small angle X-ray scattering; HRTEM: high- 
resolution transmission electron microscopy; NCs: nanocrystals; QD: quantum 
dot; RBS: Rutherford backscattering spectrometry; XPS: X-ray photoelectron 
spectroscopy. 
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